Purpose: Histological grading is currently one of the best predictors of tumor behavior and outcome in soft tissue sarcoma. However, occasionally there is signi cant disagreement even among expert pathologists. An alternative method that gives more reliable and non-subjective diagnostic information is needed. The potential use of proton magnetic resonance spectroscopy in combination with an appropriate statistical classi cation strategy was tested here in differentiating normal mesenchymal tissue from soft tissue sarcoma. Methods: Fifty-four normal and soft tissue sarcoma specimens of various histological types were obtained from 15 patients. One-dimensional proton magnetic resonance spectra were acquired at 360 MHz. Spectral data were analyzed by using both the conventional peak area ratios and a speci c statistical classi cation strategy. Results: The statistical classi cation strategy gave much better results than the conventional analysis. The overall classi cation accuracy (based on the histopathology of the MRS specimens) in differentiating normal mesenchymal from soft tissue sarcoma was 93%, with a sensitivity of 100% and speci city of 88%. The results in the test set were 83, 92 and 76%, respectively. Our optimal region selection algorithm identi ed six spectral regions with discriminating potential, including those assigned to choline, creatine, glutamine, glutamic acid and lipid. Conclusion: Proton magnetic resonance spectroscopy combined with a statistical classi cation strategy gave good results in differentiating normal mesenchymal tissue from soft tissue sarcoma specimens ex vivo. Such an approach may also differentiate benign tumors from malignant ones and this will be explored in future studies.
Introduction
In current clinical practice, the biological behaviour of soft tissue sarcoma tumors is best predicted on the basis of size and histological grade as determined by mitotic index, cellularity, necrosis, and the degree of nuclear anaplasia. Such parameters have been found to be useful prognostic indicators for survival in soft tissue sarcoma of the extremities. 1 However, in some cases there is signi cant disagreement among expert pathologists in the typing and grading of these tumors, and as a result, the accurate diagnosis of soft tissue sarcomas remains a clinical challenge. [2] [3] [4] Many of these tumors are quite large and only small fractions are sampled for histopathology. These limitations of histopathology, as well as the need to pursue new prognostic and treatment selection factors, provide the rationale for a search for more accurate and less subjective approaches in the diagnosis of soft tissue sarcoma.
New and advanced methods are becoming increasingly useful in identifying new prognostic markers that could guide the management of patients with soft tissue sarcoma. These include cytogenetic and molecular detection of chromosome translocation and gene fusions. 2, 5, 6 These techniques are still experimental and only available in a small number of centers. Another modality with enormous diagnostic potential is magnetic resonance spectroscopy (MRS).
To date, most of the magnetic resonance reports on soft tissue sarcoma have dealt with imaging, with little emphasis on spectroscopy. Magnetic resonance imaging (MRI) has proven to be more useful than CT because of its superior soft tissue contrast and multiplanar imaging capability, and it is now considered to be the imaging technique of choice for soft tissue masses. [7] [8] [9] It has been successfully used in radiotherapy treatment planning and tumor volume Magnetic resonance spectroscopy has the ability to go beyond anatomical/morphological information and probe the biochemistry of tissues at the cellular level. Clinical issues regarding tumor aggressiveness, metastasis and recurrence may be addressed better by spectroscopic investigation, since the technique yields information on the biochemical and metabolic changes occurring in the tumor during its development and growth. Moreover, the problem of undersampling in MRS is not as much of a concern as it is in routine histopathological procedures. Early MRS work on soft tissue sarcoma focussed on 31 P MRS. [11] [12] [13] [14] [15] Such studies have generated useful information by revealing that spectra of tumors show high levels of phospholipids and inorganic phosphate, and low levels of phosphocreatine. In addition, protondecoupled 13 C MRS study by Singer et al. has shown a correlation between the fatty acyl chain content and the histological type and grade of liposarcomas. 16 The higher detection sensitivity of 1 H relative to 31 P and 13 C offers a signi cant advantage. However, the 1 H MRS studies performed on soft tissue sarcoma have so far focussed primarily on liposarcomas and lipomas. Recently, Singer et al. have shown that a signi cant correlation exists between the degree of unsaturation of fatty acyl chains, obtained from two-dimensional MRS, and the mitotic activity, indicator of grade or degree of differentiation, in soft tissue sarcomas. 17 However, such two-dimensional experiments require long acquisition times and are complicated to perform. Millis et al. in their recent work used both one-and twodimensional approaches, but they limited their study to liposarcomas. 18, 19 They found that the NMRvisible level of triglyceride correlated with liposarcoma differentiation, with the well-differentiated tumors having the highest level and the dedifferentiated and/or pleomorphic subtypes (most aggressive and metastatic subtype) having the lowest. It is worthwhile to point out here that their 1D data, performed with the use of magic angle spinning, were not analyzed by methods such as the one used herein.
Although liposarcomas are amongst the common types of soft tissue sarcoma, they represent only about 20% of all soft tissue sarcoma. Malignant brous histiocytoma (MFH), leiomyosarcoma, and brosarcoma together, account for about 50% of soft tissue sarcomas. Thus, some effort should also be directed towards the MRS study of such types of soft tissue malignancy to determine whether they share similar spectral characteristics.
One-dimensional spectra and a sophisticated statistical classi cation strategy (SCS) should provide a simple and more reliable approach to diagnosis. One-dimensional MR spectra contain a set of resonances whose chemical shifts, relative to a standard, are indicative of the nature of the biochemical and metabolic species responsible for them. The intensities of such resonances correspond to the relative amounts of the species generating the signals. Although the MR spectral data are rich in information of potential diagnostic and prognostic value, conventional methods of analysis fail to make complete use of this valuable information. Our statistical classi cation strategy, by virtue of its ability to utilize all the information in the spectra, provides a means of analyzing MRS data in a robust, nonsubjective and reliable manner.This method has been successfully used in the classi cation of various other normal/benign and malignant tissue specimens, e.g., breast, 20 prostate, 21, 22 colon, 23 brain, 24 ovary 25 and thyroid. 26 The objective of this ex vivo study was to characterize the spectral features indicative of malignancy that are common to the various histological types of soft tissue sarcoma. Using the statistical classi cation strategy, we sought to develop a robust MRS-based classi er that can be reliably used in a clinical setting to differentiate between normal mesenchymal tissue and soft tissue sarcoma specimens.
Materials and methods
Soft tissue sarcoma and adjacent normal tissue specimens from a tissue bank at Mount Sinai Hospital (Toronto), administered by the Canadian National Sarcoma Group, were employed in the study.The specimens were obtained in accordance with the Canadian Tri-Council Policy on the use of human tissue for medical research. Consent for the use of the excised tissue specimen (anonymized) was obtained from each patient. Table 1 shows the breakdown for the various cases. As can be seen, the major types of soft tissue sarcoma are well represented. Specimens from both the tumor and the surrounding normal tissue were provided for each case. The normal specimens were primarily composed of muscle (see Table 1 ).
Whenever possible, the specimens were divided into two or three pieces and spectra obtained from each piece.Thus, a total of 62 spectra (31 normal and 31 malignant) were acquired. However, the quality of eight spectra was considered non-optimal, and these spectra were excluded from the set before the data were subjected to the SCS. Hence, only 54 spectra (27 normal, 27 malignant) were included in the analysis (see Table 1 ).
The frozen specimens were thawed, mounted in small capillary tubes and subjected to MRS at 25°C as in Kuesel et al., 27 using a high-resolution 360-MHz NMR spectrometer (Bruker Instruments, Billerica, MA). Acquisition parameters included: 90°pulse at 8.0 m s; number of scans, 256 or 640 depending on the size of the sample; spectral width = 5000 Hz; recycle delay = 2.41s; and time domain data points, 4K. Immediately following the MRS experiments, all samples were xed in 10% buffered formalin and submitted for histopathological evaluation. The MR spectra were archived in a Silicon Graphics Computer, and analyzed by the statistical classi cation strategy as detailed below.
The resonance areas (intensities) were also determined for the following seven spectral regions, using standard Bruker integration routines. The integration limits (ppm) for these regions were 3.94-3.88, 3.44-3.38, 3.30-3.13, 3.07-2.90, 2.54-1.83, 1.83-1.05 and 1.05-0.61. The ratios of these values for both normal and malignant specimens were determined and compared using the Student t-test (P < 0.05; Microsoft Excel 97). For multiple specimens from the same patient, average values were used in the comparison. Peak area ratios are reported as mean ± standard deviation.
For the statistical classi cation strategy, the MR spectra were partitioned randomly into a training set (15 normal, 15 malignant) and a test set (12 normal, 12 malignant) before being subjected to the analysis. The classi er was developed using the training set and its accuracy validated on the test set. Each magnitude spectrum was aligned on the reference peak (p-aminobenzoic acid) at 6.81 ppm and normalized by dividing every data point by the total spectral area. The 0.5-4.0-ppm region of each spectrum was selected in order to minimize the spectral artifact created by suppression of the water peak at 4.7 ppm. This region of 550 data points was divided into 110 equal subregions by averaging ve consecutive data points. An optimal region selection genetic algorithm 28 was employed to determine the regions of interest. The classi cation was performed using linear discriminant analysis (LDA) with the leaveone-out (LOO) method on the training set. Proton magnetic resonance spectroscopy of soft tissue sarcoma Muscle MFH a NOS, not otherwise speci ed; -, not included in the analysis due to poor spectral quality; *Spectra were put in the test set. The tumor bank report and SCS classi er indicated the presence of tumor but histopathological assessment of the tissue subjected to MRS did not. **Spectrum was put in the test set. Tumor bank report indicated tumor but both the SCS and histopathology did not.
Results
-CH 2 -groups of the compound, respectively. There are notable differences between the two spectra in many of the resonances, including those from choline and creatine. For example, higher levels of creatine and lower levels of choline-containing metabolites are seen in the spectra of the normal tissue compared to that of the tumor. However, there may also be other potentially useful differences that are too difcult to discriminate by visual inspection, and thus there is the need for the computerized statistical classi cation approach. It is worthwhile to note here that spectra obtained from multiple pieces of a specimen (normal or tumor) were very similar. Figure 2 shows three representative spectra from soft tissue sarcomas of different histological types: MFH, leiomyosarcoma and brosarcoma. The rationale for showing this gure is to underscore the fact that despite numerous small differences, the spectra have a similar overall appearance, re ective of their common malignant property.
Besides performing the SCS-based analysis, an attempt was also made to determine whether some of the spectral intensity ratios could serve as useful diagnostic markers, since this method had been used in earlier studies. 30, 31 The mean values of the ratios (for both normal and malignant) that showed statistically signi cant differences are indicated in Table 2 , as well as the P values of the statistical comparison. Although not listed in Table 2 , the sensitivity and speci city for detecting soft tissue malignancy were also determined for all these spectral ratios. As can be seen in Table 2 , the best P value was obtained for the 0.9/2.0 spectral intensity ratio resulting in a sensitivity of 100% and a speci city of 92.8%. It is worthwhile to note here that there was no test set in this conventional analysis.
An optimal set of six subregions was selected by our algorithm as having discriminating potential. These subregions include resonances of choline, creatine, glutamine, glutamic acid, and lipids. The other subregion selected by the algorithm was at 2.63 ppm, for which we currently have no biochemical attribution.
The SCS-based classi er resulted in good classication accuracy for both the training and the test sets. The sensitivity and speci city of the technique for detecting cancer are indicated in Table 3 . Note here that there was a disagreement between the initial diagnoses provided by the tumor bank and the ones obtained from histopathological examination of the tissue specimens subjected to MRS. There was a better agreement of the SCS results with the former. However, we have used the histopathological data to calculate our classi cation accuracy.
These preliminary results show that 1 H MRS, combined with the appropriate statistical classi cation strategy, gives high overall accuracy, and could potentially be used to distinguish between normal mesenchymal tissue and malignant soft tissue sarcomas. 
Discussion
The 1 H MR spectra from soft tissue sarcoma are qualitatively similar to those of other tissue types, with many of the common resonances present. However, there exist some spectral differences between soft tissue sarcomas and other tissue specimens investigated in our laboratory. We do not normally observe a singlet at 3.93 ppm attributable to the -CH 2 -of creatine in normal and tumor tissue specimens from colon, prostate, cervix, head and neck.The reason for this is not evident at the present time. However, we do observe the other creatine resonance (due to -CH 3 ) in all the above normal tissue specimens, including those coming from soft tissue.
Comparing the results obtained by the conventional analysis of spectral ratios and the SCS-based method illustrates three signi cant points. First, unlike the SCS, the conventional peak area ratio analysis does not generally use a test set. All the data are treated as the training set.Validating the accuracy of the classi er on a test set is essential for developing a robust and reliable diagnostic classi er for clinical use. Second, overall classi cation accuracy is higher for the SCS-based classi er than for the conventional analysis. Third, the conventional analysis looks at some preselected resonances/ratios based on some prior knowledge, whereas such prior knowledge is not required for applying the SCS.
The diagnostic spectral regions selected by our algorithm are consistent with ndings in other types of tumors. It is worth emphasizing that these regions were selected by the algorithm without any prior input from the user. The nding of higher choline metabolite levels indicates an increase in cell proliferation and membrane biosynthesis in tumors. Similar results have been obtained for prostate, brain, breast, and colon tumors. 22, 23, [30] [31] [32] MRS studies done to date on soft tissue sarcoma show higher levels of triglycerides in normals compared to tumors. Alterations in cellular lipid composition have been found to play an important role in determining the metastatic behaviour of tumor cells. 33 The degree of fatty acyl unsaturation is believed to be an important determinant of the metastatic potential of soft tissue sarcomas. 17 The signi cantly higher 0.9/1.3 ratio (P = 0.0001) found for tumors in our study is consistent with this. The reduction of creatine, indicative of increased energy metabolism, is also observed in both brain tumors and malignant prostate tissue. The selection of glutamic acid as one of the discriminatory regions is also consistent with other ndings. Glutamic acid levels have been found to be signi cantly higher in cancers of colon and stomach. 34 One of the common features of soft tissue sarcomas such as liposarcomas has been an intense broad lipid resonance. That is why Millis et al. proposed the use of magic angle spinning (MAS) to resolve the broad spectral resonances and obtain useful information. 18, 19 Although such a technique, without any doubt, improves the spectral resolution, it adds complexity of measurement and sample preparation and lengthens measurement time. Moreover, a potential disadvantage of the MAS technique is that it adds many resonances to an already crowded spectrum, possibly decreasing the discriminating power. The present approach is simple to use, robust, and nonsubjective, since it makes use of a computerized statistical classi cation strategy. One of the advantages of MAS, however, has been in the resolution of the resonance at 3.21 ppm due to choline-containing compounds.This broad peak consists of resonances from choline, phosphocholine, glycerophosphocholine, and phosphatidylcholine. Some of these resonances play a larger role than others in the development and growth of the tumor and, thus, the resolution of these resonances and their relative contribution may be necessary for a thorough understanding of the biochemical changes associated with malignancy.
The fact that we were able to include tumors with different histological types and still obtain high accuracy indicates that the spectral differences between normal and malignant specimens are much larger than those among the different histological types/subtypes. Correlations of spectral features with
Proton magnetic resonance spectroscopy of soft tissue sarcoma the degree of differentiation and histological types/ subtypes would require a much larger sample size. The next step in our study is to test whether MRS, combined with a SCS-based classi er, can differentiate between benign and malignant tumors, a clinically more relevant issue. Once the spectral patterns of normal, benign, malignant (different types) are identi ed ex vivo using the SCS, such information will be used in an in vivo setting. Ultimately, the objective is the development of a non-invasive and non-subjective technique to accurately diagnose the histological type, the grade and the stage of soft tissue sarcoma. Besides improving our ability to prognosticate, it should also be helpful in identifying patients who could bene t from adjuvant therapy. The fact that 50% of soft tissue sarcomas tend to arise in the extremities, i.e., MRaccessible sites, and remain localized to the region of origin in the majority of patients, makes them ideal targets for localized in vivo MR spectroscopy. Potentially, MRS in vivo can be a useful tool in the diagnosis, prediction of prognosis, choice of therapy, outlining the exact margin of tumors, and monitoring of treatment.The types of sequences and parameters used for different purposes in MRI of soft tissue sarcoma are discussed at length by Hanna and Fletcher. 9 For spectroscopy, one would need to use phased array coils and the PRESS sequence for spectroscopic localization 35 to obtain good quality spectra from the volume of interest. Although other coils can be used for the same purpose, the use of phased array coils is recommended to maximize the signal. In vivo 31 P MR spectroscopy has already been attempted in soft tissue sarcomas and the results have been promising. 12 In fact, soft tissue sarcoma is one of the few types of cancer that is currently being investigated in an ongoing multi-institutional trial involving nine centers of localized in vivo 31 P MR spectroscopy in human cancer research. 36 A similar effort should also be directed towards the use of 1 H MRS. Since both MRI and MRS can be performed using the same instrument, this could easily be combined with a regular MRI examination.
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